Purpose: To develop a single validated model for survival in metastatic renal cell carcinoma (mRCC) using a comprehensive international database.
Introduction
Renal cell carcinoma (RCC) is one of the most common adult cancers, with an incidence of 58,240 new cases and 13,040 deaths in the United States in 2011 (1) . Worldwide, there were 273,518 new cases and 116,368 deaths in 2008, the most recent year for which global statistics are available (2) . Although the proportion of patients with metastatic disease at diagnosis has declined due to more intense screening and incidental case ascertainment, the relationship between early diagnosis and mortality is confounded by the length and lead-time biases that accompany estimates of pre-clinical and clinical time intervals in the presence of advancing technology (2) . Unfortunately, approximately one-third of patients will eventually develop metastatic disease. Even with the recent introduction of vascular endothelial growth factor directed therapies, the long-term prognosis for patients with metastatic renal cell carcinoma (mRCC) is poor, with median survival under 2 years.
The natural history of mRCC is quite variable, and therefore an important consideration in the evaluation and development of new treatment strategies is the role of factors that are predictive of outcome. Use of known prognostic factors can help direct therapies to patient groups most likely to benefit from them and can help identify patients for which watchful waiting is a suitable alternative, thus potentially preserving alternatives for later use. Understanding prognostic factors can aid in the interpretation of clinical trials by helping to assess the magnitude of differences between treatments. In addition, consideration of known prognostic factors can help determine the extent to which new therapies are altering the natural history of the disease, and can be used as a backdrop against which new, potentially important prognostic factors can be evaluated to determine if they add independent information, or if their prognostic value is due simply to correlations with known factors.
A number of large retrospective studies of prognostic factors in mRCC had been reported prior to the initiation of this project (3) (4) (5) (6) (7) (8) (9) . These investigations focused primarily on factors prognostic for survival and generally concentrated on clinical data that were collected as part of the normal patient work-up. Unfortunately, although these investigations consistently identified several factors, such as performance status and metastasis-free interval as being independent predictors of survival, the definitions of these predictors varied, and none of the investigations evaluated the same set of factors. In addition, few investigations were validated; for example, by using statistical re-sampling methods such as the bootstrap (6), or by applying the results to an independent set of data (3). Consequently, a comprehensive, well-characterized, validated set of prognostic factors that could be utilized to help evaluate clinical investigations of mRCC and further our understanding of the natural history of the disease remained to be defined.
Under the auspices of the Kidney Cancer Association, the International Kidney Cancer Working Group was convened and the first meeting held in October 2002, in Lyon, France, to discuss this issue. The consensus of the meeting was that development of a prognostic factors scoring system for survival in mRCC was needed and a collaborative study group was formed with the objective of defining such a system.
The primary goals of this project were to establish a comprehensive database of potential prognostic factors for survival in mRCC, and to derive a single, validated prognostic scoring system that could be used to define risk groups of patients. A secondary goal was to establish the database as a resource that could be used to study the natural history of mRCC and as an aid in the design, analysis, and interpretation of clinical studies of this disease.
Materials and Methods

Project organization and database assembly
On October 17 and 18, 2002, researchers from the United States, France, England, and Israel gathered in Lyon, France, to discuss how they could work together to identify prognostic factors in metastatic renal cell cancer. The meeting was organized by the Kidney Cancer Association, based in Evanston, Illinois, and representatives from Centre L eon B erard in Lyon. Participants included investigators who had previously identified prognostic factors based on retrospective experience, leaders in clinical research and pathology in renal cell cancer, and representatives from Cooperative Groups with experience conducting randomized trials in renal cell cancer. Following the meeting, an international consortium of institutions/organizations with special interest and expertise in mRCC was established. A steering committee was established to oversee the project and to prioritize use of the database once the primary goals of the project were achieved. A protocol was then written which outlined the variables to be collected, the acceptable platforms for data collection and transmission, and how patient confidentiality would be assured. Criteria for data set inclusion in the project were also specified and consisted of the following: An effort was made to identify all available data sets available to the consortium that met these criteria. In addition, other groups with potentially eligible data sets were also contacted. After all known groups had been given an opportunity to participate, final data sets were identified; and each participant was sent specific instructions regarding data collection and transmission. The patientspecific data collected included type of treatment on trial, year of entry, patient and disease characteristics, and laboratory parameters, with their associated normal limits. Data sets were forwarded to statisticians at Cleveland Clinic Foundation, who collated data into a single analysis data set. The collated data set was then forwarded to the statistical offices of the Eastern Cooperative Oncology Group (ECOG), Memorial Sloan-Kettering Cancer Institute, and the United Kingdom Medical Research Council for analysis. All analysis sites were responsible for assuring the
Translational Relevance
Understanding of factors prognostic for survival among patients with metastatic renal cell cancer (mRCC), in particular, those reported here which have been captured over many years in many parts of the globe, will contribute to more thorough understanding of mechanisms of metastasis and better treatment for the disease. Although the studies reported here predate the current era of treatment with tyrosine kinase inhibitors (TKI), the continued relevance of these factors is shown.
confidentiality and security of data stored at the site, and all analysis sites operated under oversight of a local IRB. A patient index number was employed, but no patient identifiers such as name or medical record number were included in the data sets.
Data standardization and transformation
Some standardization was done to assure consistency of reporting units. Karnofsky performance status (KPS) was converted to ECOG performance status (PS) by considering KPS of 100 equal to ECOG PS of 0, KPS of 80 to 90 equal to ECOG PS of 1, and KPS 70 or less equal to ECOG PS 2 or more (10) . Values of hemoglobin, creatinine, calcium and bilirubin reported in SI units were converted to the more commonly reported standard units using published conversion factors.
Exploratory and univariate analyses
The primary endpoint was survival, defined as time from the date of entry onto the clinical trial to the date of death or the date last known alive.
Descriptive statistics such as means, medians, CIs, ranges, and proportions were used to characterize patients. The method of Kaplan and Meier (11) was used to estimate survival and generate plots, and the log-rank test was used to determine differences attributable to prognostic factors. Hazard ratios and 95% CIs were estimated using Cox proportional hazards models (12) .
Multivariable analyses and model construction
Five variables [hemoglobin, white blood count, lactate dehydrogenase (LDH), alkaline phosphatase, and calcium] were standardized by dividing by their site-and genderspecific median value and then multiplying by their gender-specific median to transform the values to a common scale. Stata's ice package (Stata Corporation, College Station, TX; ref. 13 ) was used to generate 10 imputations of the data set. Survival time was represented in the imputation model by the empirical cumulative hazard function for each individual, and the censoring indicator. Variables having a skew distribution (white blood count, alkaline phosphatase, days from diagnosis to study entry, and lactate dehydrogenase) were transformed toward normality using Box-Cox methodology before imputation and backtransformed afterwards.
Cox proportional hazards models were used for initial exploratory analyses. After observing significant nonproportionality of the hazard in the Cox model and exploring several other models, a log-logistic survival model, stratified by participating center, was determined to fit the data well. Next, multivariable fractional polynomial models were built for each of the 10 imputations separately, using Stata's "streg" and "mfp" commands with option "distribution (llogistic)" to fit the log-logistic survival model. A significance level of 0.0044 was used for selection of variables. This significance level gives results similar to use of the BIC (Bayesian information criterion) and helps to avoid creating overcomplex models. A model was selected using each imputed data set, and the final model was obtained as the majority vote across the imputations. Rubin's rules (14) for multiply imputed estimates were used to combine the estimates and compute SE. Just as in a logistic regression model, each estimate (regression coefficient) represented the change in the log odds of death up to any given time point for a unit change in the prognostic factor. Once a final model was defined, patients were divided into risk groups in 2 ways: 3 groups according to low, medium, and high risk (placing cut points at the 25th and 75th percentiles of the model's risk score distribution); and 10 groups, using Cox's (15) cut points. The latter minimize the loss of information for a given number of groups. Because the use of 3 risk groups is familiar in the clinical setting, the 3-group paradigm is used hereafter to characterize the model.
Internal and external validation and calibration
The model's discriminatory value was estimated using the C index and its 95% CI, as implemented by Pencina and d'Agostino (16) . Proportion of variability explained by the model was further explored using the D index developed by Royston and Sauerbrei (17) .
The model was also externally validated using an independent data set of 645 patients treated with tyrosine kinase inhibitor (TKI) therapy (18) . To do this, we calculated a risk score for each patient in the validation data set using the final model equation described above. That is, weights derived from the model were applied to the value of each factor for each patient, with factors transformed if necessary (see Table 3 ). Missing factors were imputed for each patient as the mean value of the (transformed) factor in the derivation data set. The model's discriminatory value in the validation data set was assessed using the C index. Patients were divided into risk groups using the 25th and 75th percentiles of the distribution of scores in the validation data set.
The model was then recalibrated using the proportional odds recalibration model described by Miller and Hui (19) . The fitted model contains an intercept term to represent the baseline level of risk in the population, a term representing the gradient of risk over time across all prognostic subgroups, and a term for the slope on the prognostic index, representing the predictive ability of the index. The recalibrated model was used to evaluate the fit of the prognostic index model and can be used to estimate survival probabilities for individual patients.
Results
Final database and model
A total of 3,748 patients were treated by 11 groups and contributed information to the project. Table 1 Variables for which more than 40% of the observations were missing were not considered as potential predictors. Other variables or alternative parameterizations of factors were considered but not included in the final modelbuilding process. Although not considered for the model, the information contained in these variables may be of use to other investigators; therefore, these are described in Supplemental Tables S1 through S4 . Table 2 provides the frequency of predictor variables tested for inclusion, including median survival, percent missing, number of events, and log-rank P values from univariate analyses.
The final model was a composite derived from each of 10 imputed data sets; variables included in each of the candidate models are shown in Supplemental Table S5. Table 3 shows the form of the variables used, and the associated parameter estimates (regression coefficients or weights) and SE from the final model. The prognostic index from the model is the sum of the variables, each multiplied by its weight. A positive weight attached to a prognostic factor indicates higher mortality with higher levels of the factor, and a negative weight, lower mortality; similarly for the prognostic index. Three risk groups were formed by splitting at index values of À2.755 (25th percentile) and À1.253 (75th percentile), where patients with index values less than À2.755 had the most favorable outcome. Figure 1 (solid line) shows overall survival for each of the risk groups.
Internal and external validation
Internal validation of the model yielded a C index of 0.712 (95% CI, 0.703-0.721). This indicates that the model has good discriminatory ability and suggests that subjects with longer predicted survival times actually lived longer. Using the measure proposed by Royston and Sauerbrei to estimate the proportion of variability explained by the model, we estimate that the model's D index is 0.320 (95% CI, 0.295-0.345), which is quite reasonable for oncology studies.
External validation was conducted using data from Heng and colleagues (18) . Characteristics of the patients in the validation data set are shown in Table 4 . The regression equation resulting from the model fitting process described above was applied to each patient in the validation data set. Weighted values used in place of missing observations are shown in Supplemental  Table S6 . Some differences between the data set used to build the model and the validation data set should be noted. First, the validation data set did not contain information about patients' baseline alkaline phosphatase. White blood count was not available, but neutrophils were measured. An equation was derived for estimating white blood count from neutrophils using a separate kidney cancer data set where both were available. As a result, white blood count was defined as 0.69 times the neutrophil count plus 1.90 times the square root of neutrophils. Performance status was provided using the Karnofsky index; the rules provided in the methods section were used to transform the values to ECOG performance status. Whereas the regression equation treated the number of metastatic sites as a whole number (1, 2, 3 . . .), the validation data set used a binary coding, where 1 represented greater than 1 metastatic site. A value of 0 was considered to represent 1 metastatic site and a value of 1 was considered to represent 2 metastatic sites. The model contained total calcium, whereas the validation data set contained corrected calcium.
The overall C index was estimated for the validation data set to be 0.741 (95% CI, 0.714-0.768). The D index for the model was 0.321 (95% CI, 0.296-0.345). Thus, despite the differences between the 2 data sets, we conclude that the model also has good discriminatory ability among patients treated with TKI therapy. The proportion of variability explained by the model in the 2 data sets is quite similar. Figure 1 (dotted lines) plots survival for each of the risk groups derived from the validation data set.
To further evaluate the model, a proportional odds recalibration model was applied to the validation data set. If the original model fits the validation data set well, then (a) the constant terms will be similar, reflecting similar baseline risks, (b) the gradients of risk over time in the 2 data sets will be similar, and (c) the slope on the prognostic index will be similar between the 2 data sets. Coefficients for these parameters for both data sets are shown in Supplemental Table S7 . While the gradients over time were similar between the 2 data sets (1.733 vs. 1.737) and the coefficients corresponding to the slope were similar (1.0 vs. 1.049), the baseline risk for patients in the validation data set was much lower than in the derivation data set (1.019 vs. 2.005). This is consistent with Figure 1 and our belief that treatment with TKI therapy confers an improvement in overall survival compared with previous therapies. a Shown split at the median. These factors were used as continuous variables in the model. More information about the distribution of the variables is available in the supplemental tables.
The constant parameter from the calibrated model was used with the other parameter estimates from the derivation model to provide a prediction model suitable for use with patients treated in the TKI era.
Given evidence that the baseline risk of death is lower among patients treated in the TKI era, cutpoints for the risk categories were adjusted to balance the group sizes. Table 5 provides a summary of overall survival by risk category, showing the cutpoints for each group. Risk categories should be assigned differently for patients treated in the pre-TKI era and the TKI era. Figure 1 (dotted line) shows overall survival by risk group for the validation data set. Table 5 also provides a summary of overall survival for each of the data sets.
Supplemental Table S6 can be used as a worksheet to calculate the risk score for a patient treated in the TKI era. The cutpoints used for deriving and validating the model were established using data sets with patterns of missing data unlikely to exist for individual patients. For purposes of illustrating and validating the model, missing values were naively estimated, presenting a conservative portrait of the test and validation data sets. To provide more accurate cutpoints for the prediction model shown in Supplemental  Table S6 , we applied the previously described multiple imputation techniques to the validation data set to minimize the impact of missing data while establishing cutpoints. The "complete-data" cutpoints shown in Supplemental Table S6 (À2.70 and À0.98) are appropriate for prospectively assigning risk categories to future patients treated in the TKI era.
Supplemental Figures S1 and S2 and Supplemental Table S8 show how the model performs in subgroups defined by protocol treatment. The model distinguishes risk groups within all of these subsets. As expected, patients in favorable subsets have improved survival within each risk category compared with those in the contrasting, lessfavorable subsets.
Discussion
Through this international effort, a database of 3,748 patients has been assembled. We believe that this is the largest database ever assembled for prognostic factor evaluation in mRCC. Using this database, we proposed a single model that accurately estimates the risk of death from kidney cancer, which is based on a comprehensive assessment of previously reported clinical prognostic factors. We showed that it retains value in the era of patients treated with TKIs.
The number of reports of factors prognostic for survival among patients treated prior to the TKI era is extensive; such reports among patients treated with TKIs are only beginning to emerge as information about survival endpoints on randomized trials accumulates. The report by Heng and colleagues (18) , whose data were used to validate our model, is among the first of such reports. The model they reported, based on consecutive case series from multiple institutions, included ECOG performance status, time from diagnosis to treatment, and the laboratory parameters of hemoglobin, corrected calcium, neutrophil count, and platelet count. All of these except platelet count were represented in our model; platelets were unavailable for over half the patients in our data set and were thus not considered. While the numbers are not directly comparable since different methods were used for calculating them, the c-index of 0.741 achieved by this model in the validation data set was very similar to the bias-adjusted concordance statistic of 0.73 reported by Heng and colleagues themselves. Patil and colleagues (20) report prognostic factors for overall survival from a phase III trial of sunitinib versus interferon-alpha as first-line therapy for mRCC. Among patients randomized to sunitinib, prognostic factors included time from diagnosis to treatment, serum LDH, corrected calcium, hemoglobin level, ECOG performance status, and the presence of bone metastases. All of these except ECOG performance status were also prognostic among patients randomized to interferon-alfa. Motzer and colleagues (21) , in their report of a second-line trial of everolimus for mRCC, identified poor performance status, high corrected calcium, low hemoglobin, and prior treatment with sunitinib as prognostic for shorter survival. These reports substantiate our finding that factors that were important before the introduction of TKI therapy remain so in the current era. In the prior era, it was generally acknowledged that, while important in the localized setting, biologic features of the tumor were not important prognostic factors in the metastatic setting. This was suggested by the current analysis as well. Although the rate of missing information was too high to consider the factors for inclusion in the model, univariate assessments of histology, and grade failed to show prognostic significance. In the modern era, the advent of molecular-based technologies has led to a better understanding of the underlying biology of RCC, and an increasing number of molecular level factors are being reported to be of prognostic and/or predictive value in the metastatic setting. It will be important, therefore, to assess these new markers within the context of the current model to evaluate fully their clinical utility.
The study has limitations that should be acknowledged. Patients were treated between 1975 and 2002, representing a heterogeneous period for treatment of the disease. While the use of high-dose interleukin-2 was approved for treatment of mRCC during this time, many of the other experimental treatments were ineffective. Thus, the database may, to a great extent, represent a Shown split at the median. These factors were used as continuous variables in the model.
the natural history of the disease in the absence of an effective therapy. Heterogeneity of the data sources, while enhancing the generalizability of the model, imposes some restrictions on the choice of potential prognostic factors by limiting the model to the set of commonly available factors. Use of the validation data set required transforming some variables and making assumptions about others. The analysis is thus not ideal, but the ability of the model to show such good concordance in the face of these compromises is encouraging with respect to the model's future utility.
While it is possible that differences or imbalances between the data sets exist, the improvement in overall survival reflected in the validation data set suggests that patients treated today have a favorable shift in prognosis compared with previously treated patients, almost equivalent to a risk category. As illustrated in Figure 1 , today's intermediate risk patients have survival that is similar to that of good risk patients treated during the chemotherapy and cytokine eras. While this is encouraging, the need remains for additional treatment options as second-line therapy and for more effective treatments in general for patients with mRCC.
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